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ABSTRACT 


An essential task In the development of the heavy-duty adiabatic 
diesel engine is identification and improvements of reliable, low-friction 
piston seal materials. In the present study, the sliding friction coef- 
ficients and wear rates of promising carbide, oxide, and nitride materials 
were measured under temperature, environmental, velocity, and loading con- 
ditions that are representative of the adiabatic engine environment. In 
addition, silicon nitride and partially stabilized zirconia disks were ion 
Implanted with TINi, N1, Co, and Cr, and subsequently run against carbide 
pins, with the objective of producing reduced friction via solid lubrica- 
tion at elevated temperature. 

In order to provide guidance needed to Improve materials for this 
application, the program stressed fundamental understanding of the mecha- 
nisms Involved in friction and wear. Electron microscopy was used to 
elucidate the micromechanisms of wear following wear testing, and Auger 
electron spectroscopy was used to evaluate interface/environment inter- 
actions which seemed to be important in the friction and wear process. 

Unmodified ceramic sliding couples were characterized at all tem- 
peratures by friction coefficients of 0.24 and above. The coefficient at 
800 C in an oxidizing environment was reduced to below 0.1. for certain 
material combinations, by the ion implantation of T1N1 or Co. This bene-* 
ficial effect was found to derive from lubricious Ti, Nf , and Co oxides. 

The present report describes in detail the results of the second 
year (Phase II) of a projected three-year program. The first year (Phase 
I) was aimed at establishing the friction and wear behavior of simple 
ceramic couples, and this work is summarized briefly in the Introduction. 
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I. FRICTION AND WEAR TESTING 


A. Introduction 

Improvements In low heat rejection engines require components to 
endure contact at temperatures considerably In excess of those attainable 
by current metal alloys. The obvious candidate materials for fulfilling 
these needs are ceramics* but only as part of an Integrated ceramlc/lubri- 
cant system, since conventional liquid lubricants break down at tempera- 
tures above a few hundred degrees Centigrade. The objective of this 
report Is to describe the results of a study aimed at establishing the 
feasibility of high-temperature, self-lubricating metal ion-implanted 
ceramics. 

In the last few years, numerous Investigators have explored the 
friction and wear of ceramic-ceramic couples (1-3). Although couples 
exhibiting minimum wear can be Identified, wear is never negligible, and 
the unlubricated sliding friction coefficient Is usually discouraglngly 
high, i.e., > 0.2 (1-9). It has generally been concluded that ceramic 
components will not be used unlubricated In sliding contact engine appli- 
cations at either low (1) or elevated (2) temperatures. 

While this is a discouraging conclusion, especially in light of the 
breakdown of conventional lubricants at elevated temperature, certain 
other related work suggests alternative approaches to the problem. In 
particular, the normally observed ceramic wear mechanisms, adhesion (10), 
and abrasion (11), can be mitigated by environmental factors. Adsorbed 
water, for example, can promote near-surface plasticity leading to a soft 
surface layer some 1-10 micrometers thick. This soft surface layer seems 
to prevent adhesion and to lubricate ceramics as they slide over each 
other. For alumina sliding against alumina, it was observed that the 
coefficient of friction rose from 0.25 to 0.8 as the temperature of fric- 
tion experiments was raised from room temperature to 400°C, driving off 
adsorbed water (12); introduction of moist air then produced an immediate 
reduction of vp. Adsorbed organic substances also tend to lubricate and 
soften the surface of ceramics. Myristic acid, for instance, enhances 
surface plasticity and suppresses cracking during sliding of steel on 
lithium fluoride (13)* Chemisorbed oxygen appears to reduce the friction 
coefficient of titanium carbide by one-half (14). 

Particularly pertinent to the present study is the work of Shimura 
and Tsuya (15), who investigated atmospheric and temperature effects on 
the friction and wear of several ceramics, including tungsten carbide, 
titanium carbide, chromium carbide, aluminum oxide, and their cermets. It 
was found that wear rates end coefficients of friction are higher in 
vacuum than in air. Based on characterization of the wear surfaces, the 
results were explained in terms of a postulated thin, soft lubricating 
surface layer which is formed by interaction of the ceramic/cermet with 
adsorbed moisture. 
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These results suggest that the Intentional Introduction of lubri- 
cious solid films, especially metal oxides, might provide ceramics with 
the ability to slide efficiently at elevated temperature. Delivery of 
such films, however, Is a problem. Many ceramic coatings tend to fall via 
adhesion and delamination, so that any beneficial aspects of their pres- 
ence are short-lived. However, Hlrano and Miyake (16) have recently shown 
that adhesion during sliding contact may be reduced by Ion Implantation of 
both metal and inert Ions. If such layers were, In addition, of a lubri- 
cious nature, they might be Induced to provide transfer lubrication (17), 
l.e., continuous transfer of solid lubricant from one body to another 
during sliding contact. Ion Implantation can, potentially, provide such 
layers, and by providing an Intimate mix of Implanted species and sub- 
strate, can produce a surface extremely resistant to adhesive del ami na- 
tion. Further, Ion implantation provides a very thin "coating", so that 
well prepared surfaces maintain their original tolerance and finish. 

B. Phase I Summary 

Prior to exploring the possibilities of this Idea, as outlined In 
the bulk of this report, simple ceramic-ceramic couples nominally com- 
patible with the service requirements for seals (piston rings and cylinder 
liners) In a low heat rejection diesel engine were run In three pln-on- 
dlsk tests over a wide temperature range In both inert and simulated 
diesel exhaust environments. In such tests, the pins are considered to 
simulate moving piston rings, and the disks the stationary cylinder liner. 

During this Phase I study, sliding friction coefficients and wear 
rates of promising carbide, oxide, and nitride materials were measured. 
Electron and optical microscopy were used to define the micromechanisms of 
wear, and X-ray spectroscopy was used to evaluate Interface/environment 
interactions which seemed to be Important In the friction and wear pro- 
cess. In order to determine the sensitivity of material properties to 
temperature and environment, the hardness and fracture toughness of candi- 
date materials were evaluated from 23°C to 800°C in diesel exhaust and 
Inert environments. Electric potential was varied in order to evaluate 
possible enhancement of friction and wear behavior via electrical effects. 
Results important in planning the Phase II experiments included the fol- 
lowing. 


Friction coefficients were quite high, ranging from 0.24 (NC 
I32/K162B in DE at 800°C) to 1.24 (NC 132/SiC in DE at 800°C). Plastic 
scoring seems to be significant in many of the wear mechanisms, suggesting 
that hardness is a controlling factor; however, friction coefficients are 
sensitive to environment, indicating the Importance of factors other than 
plastic scoring (hardness) in the adhesion process. Wear of NC 132/TiC 
and NC 132/K162B is very low at all temperatures, due to the fact that TIC 
and K162B pins produce beneficial (low wear rate) films and oxides on both 
PSZ and K162B disks. Film/oxlde formation clearly depended on disk/pin 
combination, temperature, and environment. Wear rates are low only when 
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either lubricating films or (possibly) rolling element particles (K162B/NC 
132, 800 °C, BE) are formed. Electric potential Is not Influential in mod- 
ifying friction coefficients or wear rates, 

C* Choices of Materials 


The choice of ceramic materials for use In this investigation was 
based on the results of several studies (3,15,18-21) which strongly sug- 
gest that certain carbides are the outstanding candidates for high temper- 
ature piston rings. In particular, hot-pressed TIC, Nl-Mo bonded TIC 
cermets (3,18-21), and sintered SIC (20,21) nave demonstrated favorable 
wear resistance and (relatively) low friction coefficients. Accordingly, 
these were selected as pin materials for the present experiments. Simi- 
larly, SI 3 N 4 , SIC, and partially stabilized zlrconia (PSZ) are the most 
likely cylinder liner materials (21). Because of the extensive body of 
knowledge available regarding the former, and the attractive mechanical 
strength properties and minimal thermal conductivity of the latter, hot 
pressed S1 3 N 4 and zlrconia were selected as disk materials, Properties of 
the bulk ceramics selected for testing are given In Table I. 

Metal species for ion implantation Included chromium, cobalt, nickel 
and a double layer of nickel and titanium. These choices were based on: 
1 ) the results of the unimplanted ceramic-ceramic tests, which led to the 
selection of T1N1 and N1j and 2) work reported In the literature (22) 
which seemed to indicate possible lubricious properties for oxides of 
cobalt and chromium. As will be shown subsequently, the best results for 
unimplanted sliding pairs corresponded to the transfer, from pins onto 
disks, of metal oxides to form discontinuous, but relatively lubricious, 
films. Unfortunately, this wore the pins significantly, and did not pro- 
duce uniform lubrication. Therefore, It was decided to pre-implant candi- 
date films into the disks, In the hope that they might transfer to the 
pins, while maintaining a minimal wear disk surface. 

D. Ion Implantation 


The Implantation process used* was actually a variant known as ion 
mixing. In this technique, a thin coating of metal is vapor deposited 
onto the ceramic substrate, and argon ions are accelerated through a 
potential field, driving the deposited metal atoms into the substrate. In 
the case of the T1N1 implant, Ni was first deposited, followed by the T1; 
both layers were then simultaneously Ion mixed. 

The argon Ions were accelerated using a beam voltage of 140 keV, 
with a fluence of lxlO 17 1ons/cm, and a flux of ions/cm 2 ~s. 
Implant layer thickness was estimated to be on the order of < 400 nm, 
based on subsequent Auger analysis. 


*Westinghouse R&D Center, Pittsburgh, PA. 


HATER I At PROPERTIES 


Material 

E 

(GPa) 

H 

Kl §/2 

(HH»‘ 3/z ) 

Grain 

Size 

(pm) 

Tensile 

Strength 

(MPa) 

sic< 1 2 ) 

380 

32 

4.4 

3-5 

345 

HP TlC*^ 

450 

32 

5.0 

30 

-260 

TIC-NI-Mo 

(K162B)< 3 ) 

407 

12 

~15 

3 

1587 

S1 3 N 4mn 
(NO 132)< 4 5 > 

310 

19 

4.8 

0.5-3 

810 

Partially stabilized 

>(irrnnia f PQ?\(5) 

a. II V»f 1 1 I ^ * Wla ^ 

210 

10 

8-15 

60 

600 


(1) Carborundum sintered alpha SIC. 

(2) Ceradyne* Inc. 

(3) Kennametal Corporation. 

(4) Horton Company. 

(5) Nil sen (Nllcra) TS grade PSZ. 
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E. Friction and Wear Testing 

A special wear testing machine was constructed to permit testing 
under conditions that are pertinent to the service environment of sliding 
seal materials in the adiabatic diesel engine. As sketched In Fig. 1, the 
basic configuration of the machine was that of a rotating disk against 
which three flat-ended pins of identical material slide under controlled 
normal force. The pin and disk assembly were housed within a heated envi- 
ronmental chamber. Since the pins suffered continuous sliding, while any 
point on the disk surface experienced only periodic passage of a pin, the 
pin materials operated under conditions similar to those imposed on a 
sliding seal ring, and the disk material experienced conditions analogous 
to those of cylinder liner materials. 

Testing was performed from 23°C to 800°C, in both argon and simu- 
lated diesel exhaust environments, although most of the ion-implant tests 
were carried out at 800°C in the diesel exhaust environment. The latter 
consisted of 7.8% CO?, 8.9% 0 2 , and the balance N 2 ; both diesel exhaust 
and argon environments were maintained at 276 kPa pressure. Disks and 
pins were run-in at temperature for five minutes at the start of each 
test, following Initial evacuation and purging of the system with either 
diesel exhaust or argon and a minimum 20 minute pre-test soak at test tem- 
perature, Each test was performed under a static load of 22, 5N, with the 
disk rotational speed at the point of pin/disk contact being 1 m/s. Run 
time ranged from 40 minutes to' one hour.’ 

F. Wear Characterization 


Scanning electron microscopy was used to characterize wear mecha- 
nisms, while scanning Auger electron spectroscopy (AES), and energy dis- 
persive spectroscopy (EDS) were employed to characterize wear particles 
and transfer layers. Surface profilometry was used as a measure of rela- 
tive material loss. Because of problems associated with chipping and 
oxidation, wear rate determination by the measurement of specimen weight 
change was frequently compromised. 

Prior to testing, both f *ins and disks were carefully polished to a 
0.5 pm diamond finish. There was always, however, a slight mismatch In 
parallelism between pins and disk once a test began, and so on each pin, a 
small wear flat was produced (tests did not begin until this flat was run- 
in and basically stable). For subsequent wear characterization, the 
polished surfaces provided reference "no-damage" regions, while the bound- 
aries of the pin flats constituted regions in which damage development 
could be observed from Its inception to equilibrium wear. Similarly, the 
width of the annular wear track on each disk slowly expanded with the pin 
flats, so that again, by tracking across the boundary one passed quickly 
from no damage through the various stages of damage development leading to 
equilibrium wear. 
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Figure 1. Schematic of Test Setup. 
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G. Results 


X. Friction Coefficients 


Friction coefficients p for a typical ceramic-ceramic pin/disk 
couple In diesel exhaust and argon are shown as a function of temperature 
In Fig. 2; scatter bands Indicated were characteristic of all couples 
tested. A more effective mode of presentation for subsequent discussion 
is to combine the curves for all three pin materials sliding on one disk 
in a given environment as In Figs. 3-6. For example, p lies between 0.6 
and 0.8 for all three pin materials run against zlrconia in argon (Fig. 
3). For Si disks in the same environment (Fig. 4), the situation is 
only marginally different; as the temperature Increases, p p for all pins 
decreases slightly from ~ 0.8 to ~ 0.6. This simple behavior is altered 
drastically, however, by running in diesel exhaust environment. 

As !>hown in Fig. 5, for zlrconia disks In diesel exhaust p 
rises rapidly with temperature for SIC and TiC, peaks at ~ 400°C, and then 
decreases rapidly with further increase in temperature. For TIC-NI-Mo 
pins on the other hand, p f decreases monotonlcally from its initial room 
temperature value of - 0.9, to a low of ~ 0.45 at 800°C. For Si 3 N 4 disks 
in diesel exhaust (Fig. 6 ), the TiC-NI-Mo material behaves much as it does 
for zirconia disks in the same environment, dropping from - 0.75 at 23°C 
to 0.24 at 800°C. However, pp(T) for SIC and TiC Increase monotonical ly; 
there is no mid-temperature peak, and at 800°C, pp is quite >-’gh for both. 

Since most of the ion-implanted disks were run at a' single, 
elevated temperature (400°C), it is most convenient to consider the cor- 
responding friction coefficients as shown in Fig. 7. Clearly, ion-implan- 
tation with Cr is no more beneficial to friction behavior than is the use 
of unmodified ceramic couples. However, TiC-Ni-Mo pins run against zir- 
conia disks implanted with TiNI and with Co have coefficients of friction 
of 0.09 and 0.06, respectively. Similarly, TIC pins with Si 3 N 4 implanted 
with TiNI exhibit a coefficient of 0.09. These are extremely low friction 
coefficients, tying In the upper end of the range of values normally 
achieved through conventional liquid lubrication at low (<300°C) tempera- 
tures. 


Tt is interesting to note that for TiC pins run against N1- 
implanted silicon nitride, Pp was > 0.14, considerably worse than the 
value of 0.09 obtained for the TiNi-implanted case. Also, it is obvious 
that good friction coefficients are very sensitive to the precise nature 
of the couples. Titanium carbide was much worse than NiMo-bonded TiC 
against TiNi-implanted zirconia, while for TiNi-implanted SigN^, the NiMo- 
TiC was superior (lower Pp) to the TiC. 4 

2. Wear Characterization 

For non ion-implanted ceramic-ceramic couples, by far the most 
commonly observed wear mechanism was delamination parallel to the sliding 
direction. Radial cracking/chipping, in fact, was observed in only one 




Figure 2. Friction Coefficient Versus Temperature for 
TiC Pins/NC 132 Disk iri DE and Ar. 



Figure 3. Friction Coefficient Versus Temperature for 
All Pin Materials on PSZ Disks in Ar. 




















Figure 7. Steady-State Coefficient of Friction at 800°C in DE. 
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Instance, 1.e.» for SIC pins sliding on an SI3N4 disk at 23°C in diesel 
exhaust environments. The cracks penetrated at a fairly steep angle, and 
Interacted to form Irregularly-shaped chips (Fig. 8). The SI3N4 disk on 
the other hand, manifested the much more commonly observed wear mechanism 
of del ami nation, the early stages of which are associated with the edges 
of plastic wear tracks. 

As an example of this process, the development of del ami nation 
In SI 3N4 and zlrconla disks can be seen In Fig. 9, which shows several 
aspects of the process. In Fig. 9a, the delamlnatlons have formed after 
no more than a few passes. Close study of equilibrium wear regions (Fig. 
9b) shows that they are composed of thin sheets In the process of being 
removed (Fig. 9c). Delaminated sheets of zlrconla can often be found 
lying at random on the disks and on the pins. 

Delamination-type disk wear similar to this prevailed In all 
tests involving SIC pins, and for all tests involving zirconia In argon. 
In all of the other tests, which tended to correspond to lower friction 
coefficients, erosion occurred primarily by pin delamination combined with 
the transfer of pin material, either titanium oxide in the case of TiC 
pins, or titanium and/or nickel oxide*. In the case of NiMo-bonded TIC 
(molybdenum never was transferred, since at 800°C Mo rapidly volatilizes 
as M0O3). An example of such a film transfer process is shown in Fig. 10, 
in which T10 2 has transferred from TIC pins to SI3N4 disks at 23°C and 
800°C in the diesel exhaust environment. 

Befcre discussing the wear behavior of the ion-implanted 
material, it is instructive to consider the nature of the implanted "coat- 
ings". As shown in Fig. 11a, the Ti and Ni are mixed together reasonably 
well, but contain relatively little of the underlying Si 3N4 (indicated by 
the Si profile). Some oxygen is present near the surface, predominantly 
within the Ti-rich portion cf the "alloy". However, after a 30 minute 
soak at 800°C in the diesel environment (Fig. lib), both the Ti and, 
especially, the Ni, have diffused together, oxidized, and mixed with the 
SI3N4. The thickness of the implanted coating is estimated, on the basis 
of previous sputtering rate work, to be around 0.40 urn. Further discus- 
sion of this point is given in Section II. 

During wear tests, the pins oxidize, and then develop small 
wear zones where they have been in contact with the ion- implanted disks. 
An example of such a zone is shown in Fig. 12 for a TiC-Ni-Mo pin run 
against TiNi-zirconia. Based on the sizes of such zones, the contact 
stress was typically on the order of 3.5-7 MPa. 

Inspection of the "wear zones" shows that they actually do not 
represent pin wear; instead, they are thin lubricating films transferred 


*We shall use T10 2 and NiO to indicate these oxides, although the exact 
stoichiometry was not determined. 





(b) PSZ disk (SiC pins) 


(c) PSZ disk (TiC pins) 


Figure 9. Examples of Delamination in NC 132 and 
PSZ Disks, 23°C in DE. 
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Figure 10. T i O 2 Deposits on NC 132 Disks 
Run Against TiC Pins in DE. 
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Figure 12. Wear Zone (Deposits) on K162B 
Pin Run Against TiNi-PSZ. 
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from the Ion- Imp! anted disks. Auger spectroscopy, which Is discussed In 
detail In Section II, Indicates that the films are composed of T10 2 and 
NiO, Similar results were found for the Co-Implanted zlrconia disks 
tested against TIC-NI-Mo pins, 1,e., CoO was transferred from disk to pin. 

H. Discussion 


When disk (and heavy pin) wear was observed, It usually was In the 
form of delamlnatlon. This Is a form of adhesive wear v In which Intermit- 
tent contact nucleates shallow subsurface cracks which eventually grow to 
the surface, creating a thin delaminated sheet of material. This Is simi- 
lar to delamlnatlon which has been observed In metals (23) and In ceramics 
(1), and modeled based on a theory (24,25) of cyclic crack growth. How- 
ever, In the present case, delaminate sheets often form within only a few, 
possibly even one pass. This Is just as observed by Yamamoto and Buckley 
(26) for 304 stainless steel wear sheets produced by sliding against 
AlgOo. In fact, the photomicrographs of wear layers In the steel alloy 
studied by the latter look almost Identical to those observed (Fig. 9) In 
the present ceramics. Prevention of this process must Involve either 1) 
provision of sufficient lubrication to inhibit ceramic-ceramic adhesion, 
and/or 2) Increase In the near-surface crack growth resistance of the 
delaminating material. 

Although the friction coefficients of all of the unmodified couples 
exceeded 0.2, there were encouraging results regarding wear resistance. 
For those cases In which TIC or TiC-Ni-Mo material was transferred to 
disks In the form of titanium oxide films, disk wear was essentially non- 
existent (unmeasurable via surface profllometry), and pin wear did not 
appear to be high once the Initial sacrificial material transfer was 
accomplished. Apparently these films, which can form from room tempera- 
ture to 800°C, are lubricious, In terms of wear. 

The true potential of the films, of course, seems to have been 
realized by first Ion-Implanting and then oxidizing the disks. Under 
these circumstances, titanium oxide, nickel oxide, and cobalt oxide trans- 
fer selectively, l.e., from certain disks to certain pins (Figs. 13 and 
14), and serve as liquid-like lubricants at the operational temperature. 
Based on the results of Breznak, et al (1), it would be reasonable to sus- 
pect that the temperature rise at the sliding Interface was at least 
30CTC, hence the lubricant temperature probably was at least 1100°C. This 
should be sufficient to significantly enhance the viscosity of a. ternary 
or quaternary alloy (oxide). In this regard, It Is Interesting to note 
that the friction coefficient of Ni-implanted Si 3 N^ run against TiC in 
diesel exhaust was 0.14 at 800°C, but rose, to 0.4 when testlrg was per- 
formed at room temperature. Evidently the N10, which was observed to 
transfer during sliding, was not sufficiently hot at 23°C (plus ~ 300°C 
due to sliding contact) to serve as an effective lubricant. 
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(b) Tirli- Implanted PSZ 


Figure 13. Film-Lubricant Transfer in the Ni Mo-Ti C/PSZ Systems. 


T1 (0) 



(a) Pure NC 132 


N10 

Ti0 2 



(b) TiNI- Imp! anted NC 132 


Figure 14. Film-Lubricant Transfer in the TiC/NC 132 Systems. 
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It should be borne In mind that work to date has emphasized rela- 
tively short term tests designed to screen, and provide specimens to 
evaluate, the best pin-disk couples. It will be very Important to evalu- 
ate the ability of the self-lubricating couples which have been Identified 
to maintain their desirable traits over extended operating tlifie. 

I. Conclusions 


Friction and wear tests have been conducted on a variety of 
ceramic/ceramic couples In the unmodified state or surface modified by Ion 
Implantation In both argon and an environment typical of high temperature 
adiabatic diesel engines. It has been found that: 

o Low friction coefficients of unmodified ceramic couples 
correspond to the formation of lubricious oxide films. 

o Oxide film formation depends on disk/pin combination, 
temperature, and environment. 

o The most common and destructive mode of wear Is del ami - 
nation. 

o For unmodified ceramic pin/disk combinations, the lowest 
friction coefficient obtained was 0.24. 

o Ion Implantation of disks with T1N1 or Co reduces coef- 
ficients of friction at 800°C In simulated diesel ex- 
haust environment to 0.06-0.09, for certain specific 
pin-disk combinations. 

o The latter combinations appear to be attractive piston 
ring/liner candidates for the adiabatic diesel engine. 
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II. CHARACTERIZATION UF ION-IMPLANTED CERAMIC WEAR 
SURFACES USING AUGER ELECTRON SPECTROSCOPY 


It Is clear that the conditions present at the contact interface 
between the pins and the disks, and the chemical and mechanical processes 
occurring there determine the overall friction and wear behavior of the 
various ceramic pin-disk combinations. In order to determine the role of 
interfacial properties on the friction and wear behavior of the more 
promising Ion-implanted ceramics, surface analysis techniques were used to 
examine the properties of the wear surfaces on the pins and on the disks. 
Scanning Auger electron microscopy was used to determine the chemical 
makeup of the wear surfaces, while scanning electron microscopy was used 
to investigate the physical properties of the wear surfaces. 

A. Experimental Procedure 

The pins and disks analyzed in this portion of the study are listed 
in Table II. Pin-disk combinations 1 and 4 with the titanium-nickel 
implant showed the best friction characteristics of those investigated 
during the friction and wear testing. Pin-disk combinations 2 and 3 
showed less favorable frictional characteristics and a possible role of 
pin material in the wear process. The cobalt implanted and nickel 
implanted disks also showed promising results, although not as favorable 
as those of titanium-nickel implanted disks. These pin-disk combinations 
were therefore chosen for extensive analysis using Auger electron 
spectroscopy (AES). The results of AES or energy dispersive spectroscopy 
(EDS) analyses of the surfaces of other pin-disk combinations showing 
poorer wear characteristics will be discussed as necessary. 

The investigations of the wear surfaces of both pins and disks listed 
in Table II were performed with a PHI 595 scanning Auger electron micro- 
scope. While Auger electron spectroscopy is now used routinely to inves- 
tigate surface properties of metals, there are still unresolved problems 
when it comes to dealing with bulk semiconducting, or in this case, non- 
conducting materials. These include charging of the materials due to the 
accumulation of positive or negative charge at the analyzed region (27- 
28), and alteration of the analyzed surface by the electron beam, or by 
the ion beam during sputtering (28-29). 

The problem of charging can manifest itself in two ways in scanning 
Auger microscopy: electrostatic charging which disturbs the secondary 
electron image as commonly found in secondary electron microscopy (30), 
and charge induced shifts in Auger peak positions (27-28,31). The 
charging of insulating samples is due to their inability to remove excess 
charge by conduction. In the case of electron microscopy, excess charge 
is created through the production of secondary electrons by the incident 
beam. The dependence of the secondary electron yield, s, on the primary 
electron energy is shown schematically in Fig. 15. The energy range of 
interest for AES is that between the two crossover points, E| and E?, 
where & > 1 (28,31). In this range, however, a net positive charge will 
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TABLE II 

PIN-DISK COMBINATIONS TESTED IN DIESEL (O.N.COg.HoO) 
ENVIRONMENT AT 800*0 CHOSEN FOR SURFACE ANALYSIS 



Disk*' 

Pin* 

y F 

1 . 

Silicon nitride Si 3 N 4 (Ti,Ni) 

TiC 

0.09 

2. 

Silicon nitride Si 3 N 4 (Ti.Ni) 

TiC-5Ni-5Mo 

0.22 

3. 

Partially stabilized zirconia 
PSZ (Ti.Ni) 

TiC 

0.25 

4. 

Partially stabilized zirconia 
PSZ (Ti.Ni) 

TiC-5Ni-5Mo 

0.09 

5. 

Partially stabilized zirconia 
PSZ (Co) 

TiC-5Ni-5Mo 

0.06 

6. 

Partially stabilized zirconia 
PSZ (Co) 

TiC 

0.25 

7. 

Silicon nitride Si 3 N 4 (Ni) 

TiC 

0.14 

8. 

Silicon nitride Si 3 N 4 (Ni) 
(tested at room temperature) 

TiC 

0.28 


* The elements given in parenthesis are those ion- 
implanted into the surfaces of the disks. 

$ Specimen dimensions: 


Disk diam. = 7.62 cm 
Pin diam. = 0.64 cm 


thickness = 0.95 cm 
length = 1.27 cm 
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build up at the surface of an Insulating specimen because more electrons 
leave the specimen than are Incident on It. This positive charge will 
retard the emitted Auger electrons and therefore cause a shift of the 
Auger peak heights to lower energies (31). This will cause little problem 
with normal elemental Identification since surface charging should affect 
all Auger peak positions by the same amount. Some caution should be 
exercised, however, In analyzing Auger spectra for chemical Information 
related to peak energy shifts. By considering the changes In the differ- 
ences between Auger peak positions, rather than the absolute value of the 
peak positions, as well as the peak shapes, chemical binding information 
can still be obtained. However, alteration of surface chemistry by ionic 
drift as well as by electron beam heating must still be accounted for (28- 
29). 


Several methods can be used to reduce the problem of charging of in- 
sulating specimens, although these require some sacrifice in resolution 
and sensitivity. The energy range to E 2 generally falls below 2kV for 
such materials, and therefore indicates that primary beam energies lower 
than those normally used for conducting specimens should be used (31). 
Reducing the irradiation dosage (C/cm 2 ) by reducing either the primary 
beam current or the analysis time can delay the onset of the maximum 
charging effect, as well as the onset of electron beam-induced damage 
(32). Reducing the angle of incidence results in a reduction of the 
secondary emission yield at a given beam condition, thus reducing charging 

(28.32) . Non-beam related methods include coating the specimen in a con- 
ductor such as gold or silver while masking off a small area for analysis 

(30.33) , or bombarding the specimen with a neutralizing beam (31). The 
neutralizing beam concept is also used for the reduction of charging 
during ion sputtering (31). 

Alteration of specimen surfaces, either conducting or nonconducting, 
by the electron beam or ion beam sputtering can occur by electron beam re- 
duction of the surface (32), migration of ionic species by charge buildup 
(29), beam heating (29,32), and preferential sputtering (34). These prob- 
lems will have an important effect on the interpretation of quantitative 
and chemical Auger data. The results of this preliminary study are not 
greatly influenced by the surface alteration problems, but further work on 
the fundamental mechanisms of these wear processes will require careful 
consideration of these issues. 

The major consideration for this study was the problem of surface 
charging. Use of primary beam energies above 2 kV, and beam currents 
above about 10" 8 A resulted in secondary image distortion, and distortion 
of the low energy end of the Auger spectra, as well as random spiking 
throughout the spectra. It was found that a combination of the previously 
mentioned remedies could reduce the charging problem to a maximum shift 
of - -5 eV in the Auger spectra. 

In the case of the disks, a thin film of silver was first vapor de- 
posited onto the specimens. It was found that sputtering away an analysis 
area with concurrent elemental analysis was better than masking, since 
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even a small uncoated area seemed to charge up quickly. The specimens 
were then tightly wrapped In aluminum foil with a small area left uncov- 
ered for analysis, strapped to a specimen holder with copper wire, and 
mounted in the chamber. The disks were analyzed at the 60° angle of In- 
cidence set by the specimen holder in the 595 system at a primary beam 
energy of 1.5 kV, a beam current of < 5xl0 ” 9 A, and a beam size of 
< 450 nm. To avoid further charging, the beam was blanked while prelimi- 
nary data handling and analysis was being performed. Depth profiling was 
performed using argon Ion sputtering with a beam energy of 2 kV, current 
density of ~ 70 yA/cm , and a 2 mm x 2 mm raster size. The sputtering rate 
for the combination of materials used in this study was not known, and the 
depth scale is therefore given as sputtering time. Use of these sputter- 
ing conditions on a Ta 2 0 5 film, however, gave a sputter rate of about 
11.0 nm/mln. 

Because of the small size of the worn area of the pins and the fine 
scale of the features found there, the pins were not silver coated. They 
were, however, wrapped in aluminum foil, leaving the worn end uncovered. 
Examination at glancing incidence of the electron beam was required to 
avoid charging problems. 

B. Results of Analysis on Titanium-Nickel Implanted Disks 


1. Pins 


All of the pins run against the titanium-nickel implanted 
disks exhibited an apparent burnish mark where the pin was in contact with 
the disk. The burnish marks of the pins with higher values of coefficient 
of friction. Up, were larger than those with lower values. A typical 
burnish mark from a TiC pin run against a Si 3 N 4 (Ti,Ni) disk (low yp cou- 
ple) is shown in Fig. 16a. It appears that the burnish mark is actually a 
layer of material which was transferred from the disk to the pin, and was 
then broken up later in the wear run. This is more clearly seen at higher 
magnification in Figs. 16b-c. Arrows indicate areas (usually darker) 
where the pin "base" material appears beneath the burnish layer. This 
mark will thus be referred to from this point on as a "transfer layer". 

Typical Auger spectra from the unworn surface of the pin and 
the transfer layer are shown in Figs. 17a-d. The main difference between 
the two areas, as seen by comparing Figs. 17ab with 17cd, is the presence 
of nickel on the transfer layer. Since these spectra come from the TiC 
pin, the nickel could only have transferred from the TiNi-implanted disk 
to the pin. It is not clear whether or not the nickel is present in the 
oxidized state, because the peak energy and shape changes associated with 
the oxidation of nickel are too small to be resolved under the present 
specimen and beam conditions (39). Titanium, however, clearly is present 
in the oxidized state, as evidenced by the absence of the eleme’ital Ti (27 
eV) peak and the presence of the oxidized Ti(40 eV) peak (35), and the 
fact that the T i (387 eV) peak is larger than the T 1 (418 eV) peak (35-38). 
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Figure 16. Transfer Layer on 
a TiC Pin Run Against a Ti, 
Ni-Implanted Disk in a Diesel 
Environment at 800°C. Arrows 
indicate pin "base" material. 










Figure 17 (Continued). Auger Spectra Taken from a TiC Pin Run Against a 

Ti, Ni- Implanted Si 3 N 4 Disk in a Diesel Environ- 
ment at 800°C, 
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Carbon Is also present In significant amounts, with a greater 
amount of carbon being found on the transfer layer (Fig. 17a) than on the 
unworn surface (Fig. 17c); this Is Indicated by the larger peak height 
ratio C(272 eV)/0(510 eV) for the transfer layer. Sputtering of the pin 
surface resulted In a reduction of the carbon signal with depth, while the 
titanium oxide peaks remain strong. However, the presence of a small 
amount of carbon even after 30 minutes of sputtering Indicates that this 
carbon layer consists of more than just carbon adsorbed during specimen 
handling. While the TIC pin Is probably oxidized to a significant depth, 
this relatively thick carbon layer is probably the result of the Inter- 
action of the diesel environment with the pin surface, although some 
transfer of carbon originally Implanted in the disks is also a possibility 
(see next section). The apparently higher surface concentration of carbon 
on the transfer layer would be due to the higher temperatures existing at 
the contact point, and/or the direct contact with the carbon-containing 
Implanted layer on the disk. 


The results for the other pins run against the TINI-Implanted 
disks shown In Table II were similar to those for the TIC pin just de- 
scribed. The TIC-Ni-Mo pin run against Si 3 N^ (couple 2), however, had a 
much higher nickel signal on the transfer layer, as well as having nickel 
on the unworn area. The transfer layer was much larger than even the 
other high Me pin (couple 3), and could account for some smearing of 
the unworn areas. Since \i c for this pin Is the same as that 


nickel onto 


for the TIC pin of couple 3, it is suspected that this difference could be 
related to slight variations in the orientation between the pin surfaces 
and the disks. 


While little difference was found between the pin surfaces 
except as mentioned above, it appears that the pin composition could have 
played a role in the wear characteristics, although in a contradictory 
manner. The addition of nickel and molybdenum appeared to improve the 
wear characteristics of the partially stabilized zlrconia - TiC couple, 
but not those of the Si 3 N 4 -T 1 C couple. Molybdenum was not detected on the 
surfaces of the TIC-Ni-Mo pins, however, probably due to its high volatil- 
ity at the temperatures expected at the pin-disk Interface. Since nickel 
transferred from the disk to the pins as shown for the case of the . TiC 
pins, it also is not clear what role the addition of nickel to the pins 
played in the wear behavior. 

2. Disks 


The results of the analysis of the TiNi -imp! anted disks are 
shown in Figs. 18-25. Secondary electron micrographs and corresponding 
Auger elemental peak maps are given in Figs. 18-21, while typical Auger 
spectra and elemental depth profiles taken on, as well as distant from, 
the wear tracks are shown in Figs. 8-11. The results displayed In Figs. 
4-7 were all taken at approximately the same sputter depth to facilitate 
comparison (sputter time = 10-15 minutes Including ~ 5-6 minutes to 
remove the silver coating). It was found during depth profiling that the 
implanted layers varied in thickness over the disk surfaces. Therefore, 
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Figure 18. Wear Track of Si 3 N 4 (Ti,Ni) Disk Run 
Against a TiC Pin (up = 0.09) in a 
Diesel Environment at 800°C. 




Figure 19. Wear Track of Si 3 N 4 (Ti,Ni) Disk Run Against a TiC-Ni- 
Pin ( up = 0.22) in a Diesel Environment at 800°C. 
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(a) SEM micrograph. 
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Figure 20. Wear Track of PSZ 
(Ti.Ni) Disk Run Against a 
TIC-Ni-Mo Pin (mf " 0.09) in 
a Diesel Environment at 
800°C . 


(b) Ti (387 eV) Auger map. 







Figure 21. Wear Track of PSZ (Ti,Ni) Disk Run Against a TiC 
Pin (up = 0.25) in a Diesel Environment at 800°C. 
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Ti (387 eV) 




Sputter Time (min.) 

(b) Partially stabilized zirconia (Ti,Ni). 


Figure 22. Elemental Depth Profiles of Ion- Implanted Disks Before Testing. 
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Figure 24 . Typical Auger Spectrum Taken After Partial Sputter Removal of 
the Implanted (Ti,Ni) Layer from a Disk. Note the evidence 
for titanium oxide (40 eV peak, peak height rati Ti 387/Ti 418 
> 1 ). 




38 


the profiles shown Indicate the relative trends of elemental composition 
with depth, but no quantitative Information Is Implied. 

Elemental depth profiles of the disks as received after Ion- 
Implantation are shown In Fig. 22. The layer Is clearly not homogeneously 
mixed, with the components lying more or less as they were put down- 
substrate, nickel, titanium. The titanium layer was probably slightly 
oxidized during implantation, and some carbon, probably from specimen 
handling, has also been implanted In the outer layer. As previously men- 
tioned, this may account for some of the carbon found in the transfer 
layers on the pins. 

The morphology of the wear tracks Is shown In the secondary 
electron micrographs of Figs. 18-21. A comparison of Figs. 18 and 19a for 
SigN^, and Figs. 20a and 21 for the zirconia, indicate that the wear 
tracks of the low y p disks have a finer structure than those of the cor- 
responding high y p disks. The mechanism of wear appears to be that of 
delamination as first suggested by Suh (25), where material is removed in 
thin sheets by a shear-type deformation. The delamination generally 
occurs at the implanted layer-substrate Interface, with the high y F disks 
showing a much larger degree of such delamination than the low y p disks. 
For the Si 3 N 4 case, this can be seen in Figs. 19b-d, where the flat 
regions, examples of which are indicated by the arrows, correspond to 
regions of silicon and lack of the implant layer as seen In the Auger peak 
maps. The low y p Si 3 N 4 disk also shows a delamination type of wear, seen 
by streaks of silver left where laminates have shadowed the neighboring 
region from the ion beam, Fig. 18, but little sign of the substrate was 
observed. Implant-substrate delamination is more obvious on the low y p 
zirconia disk, Fig. 20a-c, where arrows again Indicate examples of where 
the substrate appears (Zr (147 eV) signal). The high y p zirconia disk, 
however, clearly shows the greater degree of delamination. Fig. 21, where 
the dark laminates consist of titanium and nickel, and the light areas are 
zirconium oxide. 

While quantitative depth analysis of these specimens is made 
difficult due to surface roughness and composition induced preferential 
sputtering, elemental depth profiling has provided useful qualitative 
information about the chemistry of the observed wear tracks. Elemental 
depth profiles taken at various points on and away from the wear tracks 
indicate that, under the temperature and/or pin pressure conditions of the 
tests, the composition profile of the implant layer had changed consider- 
ably during the tests from that of the as-received disks. Fig. 22. 

Typical depth profiles taken away from the wear track are 
shown in Fig. 23. In the case of the Si 3 N 4 disks. Fig. 23a, it appears 
that the titanium layer has retained its profile while the nickel has 
diffused to the surface of the disk. While not obvious from the profiles 
themselves, examination of the individual spectra used to make up the 
silicon profiles indicate that silicon becomes detectable approximately 
halfway through the profile. The titanium profile has also been retained 
on the zirconia disk, Fig. 23b, but the layer is not as thick as that on 
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the SI3N4 disk, nor Is nickel present on the surface. Zirconium was not 
detectable until near the end of the Implanted layer. The Implanted layer 
on both types of disks were clearly oxidized under the test conditions. 
The shape of the oxygen profile follows that of the titanium layer and 
changes In the titanium Auger spectra were similar to those observed for 
the pins, as shown In Fig. 24 . This definitely does not, however, pre- 
clude the fact that the nickel layer may also be oxidized, since the 
nickel profile was flat. 

Nickel tends to vaporize fairly easily at high temperature. A 
loss of nickel at the surface of the disks would thus not be unexpected. 
However, the presence of nickel on the surface of the SI 3 N^ disk, along 
with evidence of mixing of the substrate, Indicates that the Implanted 
layer may be better bound to Si 3 N4 than to zlrconia. This could also be 
concluded from the SEM observations, where both the low and high yp zir- 
conia disks exhibit more exposed substrate than the corresponding r SioN 4 
disks. 


A typical elemental depth profile from the implanted layer 
left on the wear track Is shown in Fig. 25 . This example from a Si 3N4 
disk shows a small amount of nickel at the surface, followed by the tita- 
nium layer mixed with nickel. This is In contrast to the unworn areas 
which showed a thicker surface nickel layer as measured by sputter time. 
Slight variations in the thickness of the surface nickel layer on the wear 
tracks were noted depending on how high or low a particular lamination was 
situated relative to its surroundings. The laminates left on the zirconia 
disk wear tracks showed virtually no surface nickel. The pins run against 
them did, however, show a large amount of nickel. Analogous to the case 
of the unworn areas, it is possible that nickel diffused to the surface of 
the disks and then transferred to the pins. The fact that some nickel re- 
mained on the surface of the Si 3N4 disks and not the zirconia disks, again 
Indicates that the implant layer may be better bonded to Si 3N4. 

The thickness of the laminates could not be determined because 
of surface roughness effects on sputtering. Low regions, especially any 
exposed substrate, tended to be preferentially sputtered, making the lami- 
nates appear very thick. Assuming that nickel was removed from the sur- 
face (and possibly deposited on the pins), it would be logical to assume 
that the laminates would be thinner than the original implant layer. It 
is also possible, however, that material could have piled up locally on 
the wear track. The pin would then be riding on this raised lamination 
layer. This does not seem as likely, since a pileup would be indicated by 
a significant compositional change in the depth profiles, rather than just 
the removal of surface nickel. 

Further evidence for the better mixing of the implant layer on 
Si 3 N 4 rather than zirconia was obtained from analysis of the delaminated 
regions of the wear track. A thin layer of nickel generally covered these 
regions, although the substrate signal appeared fairly strong. Upon sput- 
tering however, the nickel signal disappeared fairly rapidly from the zir- 
conia disks, while it remained for some time on the Si 3N4 disks. 
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C. Results of Analyses on Cobalt-Implanted and Nickel-Implated Disks 

The results of the tests on cobalt Implanted disks showed behavior in 
some ways similar to the titanium-nickel Implanted disks. The cobalt Im- 
planted zlrconla disks showed a low coefficient of friction when run 
against the TiC-Ni-Mo pin, and a much higher value when run against the 
TIC pin. However, unlike the titanium-nickel case, the SI 3 N 4 disks showed 
no improvement when ion-implanted with cobalt. 

Auger analysis of the cobalt implanted zirconia disks and the corre- 
sponding pins indicates that cobalt transfers from the disk surface to the 
pins. Elemental depth profiles indicate that both the pin and the disk 
cobalt layers are oxidized, implying the presence of a lubricating cobalt 
oxide film analogous to the titanium-nickel case. Disturbing,, however, 
are the physical characteristics of the wear tracks, especially for the 
low coefficient of friction disk. Both wear tracks showed delamination of 
the cobalt layer, leaving exposed substrate. The wear track of the low 
coefficient of friction disk varied in width and amount of wear, ranging 
from the width of the pin and wear as heavy as that visible on the other 
three disks, to areas where the wear track is practically nonexistent. It 
is thus possible that the zirconia/TIC-Ni-Mo results were influencd by the 
alignment of the pins and disk. In any case, the cobalt results indicate 
the transfer and possible lubricating effect of a cobalt oxide layer. 

The surface of the TiC-Ni-Mo pin also showed the strong presence of 
nickel. This indicates that nickel segregates to the pin surface, and may 
play a role in the friction and wear behavior of the ceramic couples. 
This also implies that nickel may have segregated from the pins in the 
case of the TiNi-implant tests, but would not be observable due to the 
nickel component of the implanted layer. 

The results of the titanium-nickel and the cobalt implanted disks 
indicate that nickel may play a role in the friction and wear behavior of 
ion-implanted ceramics, either as a part of the implanted layer, or due to 
its presence in the pins. Therefore two Si 3 N 4 disks were ion-implanted 
with a layer of nickel, and tested in diesel environment at 800°C and at 
room temperature. 

The results of the friction and wear tests indicated that nickel 
improved the coefficient of friction of Si^N^, but not to the degree as 
that of the titanium-nickel implants, or the cobalt in zirconia implant. 
Analysis of the wear surfaces of the disks and the pins showed that the 
nickel layer was completely worn off the disk, and that no nickel trans- 
ferred to the pins. The wear track showed cracking, especially near the 
edge of the crack, typical of the wear tracks of unmodified ceramics. The 
pin surfaces showed clear signs of wear, as opposed to the adherence of a 
transfer layer seen in the case of titanium-nickel and cobalt. Examina- 
tion of the unworn areas after testing showed, however, that the nickel 
layer was much better mixed into the substrate than in the two previous 
cases. 
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D. Discussion 


The results of this surface Investigation into the wear of ion- 
implanted ceramic disks indicate that several factors may govern the wear 
properties of these materials in the high temperature environment used. 
These Include the adhesion of the Implanted layer to the ceramic, the 
transfer of material between the surfaces of the pins and disks, and the 
chemical state of the disk surface material (oxide) and the pin material. 

The adhesion at the implant layer-ceramic boundary is clearly impor- 
tant in a delamination type of wear, since this would be the weakest 
interface. Both the micrographs and depth profiles indicate that for the 
TINI-implanted disks, the Ti Ni layer adhered better to the Si 3 N^ than the 
zirconia in the low as well as the high up cases. However, even on the 
low pp Si 3 N 4 disk, small amounts of relatively bare substrate were occa- 
sionally detected, thus raising the possibility that a longer term test 
might result in the eventual removal of the implanted layer on all of the 
disks. The wear resistance of the layer on SI 3 N 4 would then be of only 
temporary benefit. The cobalt and nickel layers did not appear to be 
bound as well to their respective substrates. It may be noted here that 
chromium implantation produced no beneficial effects in either disk mate- 
rial. On the contrary, it was almost completely worn off, leaving vir- 
tually no trace on the wear track, thus indicating poor adhesion to the 
substrate. 

The transfer of material, or the formation of a surface oxide has 
been shown to be beneficial to the wear characteristics of many systems 
(40-41). In the present case, nickel appears to have been transferred 
from the disks to the pins, or vice versa as Indicated by the results 
obtained from the pins run against the Co-implanted disks. Although it is 
highly likely that titanium transferred to the pins, it was not possible 
to determine definitely whether or not this was the case; a radioactive 
tracer technique would be useful in the case of either nickel or titanium. 
There is no doubt that the titanium present in both the pins and the 
implant layer has been oxidized. It is not clear whether one, or both, 
processes, nickel transfer and/or implant layer oxidation, are required to 
improve wear characteristics. Wear tests run at high temperatures in 
argon showed poorer wear characteristics than in the oxygen containing 
diesel environments, even though material transfer took place. However, 
as will be discussed shortly, Ti C and TiC-Mo-Ni pins run against uncoated 
ceramic disks showed better wear characteristics than other pin materials, 
due to the transfer and oxidation of titanium from the pins to the disks. 

Related to the material transfer question is the choice of pin mate- 
rial. For the present pin disk combinations involving the Ti Ni implant, 
the pin material played a confusing role. Nickel was clearly transferred 
to all four pins, but the two pin materials had opposite effects with 
respect to disk material in couples 1-4. On the other hand, nickel segre- 
gated from the TiC-Ni-Mo pins may have played a role in the case of the 
Co-implanted disks. This behavior is at the moment not understood. How- 
ever, the choice of pin material has played a major role in other pin-disk 
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systems. TIC or TIC-Ni-Mo pins have produced lower coefficients of fric- 
tion than silicon carbide pins when run against uncoated SI3N4 and zir- 
conia, and chromium Implanted SI3N4 and zlrconla, disks. This probably Is 
due to the fact that titanium transferred from the pins to the disks, 
while silicon did not (as observed using energy dispersive spectroscopy, 
EDS). 


The results of the tests conducted on disks Implanted only with 
nickel Indicate that while nickel alone does not Improve the friction and 
wear behavior of ceramics as well as other Implant species, It may help 
provide better bonding of those species and/or their lubricating oxides. 
In the case of the titanium-nickel Implants, titanium oxide appears to be 
responsible for the Improved friction and wear behavior, but the nickel 
layer appears to be the bonding species which mixes Into the substrate, 
especially In the case of SI3N4. In the case of the cobalt Implant, 
segregation of nickel from the TIC-NI-Mo pin may be responsible for the 
transferred cobalt adhering to the pin surface at least temporarily, thus 
delaying the degradation of the friction and wear properties due to the 
removal of the cobalt layer from the disk surface. Further work Is re- 
quired to determine the influence of nickel on the bonding and/or friction 
and wear behavior of ion-implanted ceramics. Also of Interest would be to 
determine those species which can be coupled with nickel in an implant 
layer to provide those beneficial results. For example, the implantation 
of chromium alone apparently had no beneficial Influence on the friction 
and wear behavior of either SI3N4 or zirconia, even when run against TiC- 
Ni-Mo pins. Chromium Ion-mixed with nickel might do much better. 

E. Conclusions 


Surface studies have been performed with scanning Auger electron 
microscopy to examine the wear of ceramic materials to be used in high 
temperature adiabatic engines. The wear surfaces of pin-disk combinations 
showing promising wear properties in terms of low coefficients of friction 
and weight loss were examined and compared with those showing less promis- 
ing wear properties. Of all pin-disk combinations tested, TiC or TIC-Ni-Mo 
pins run against Si 3N4 or zirconia disks implanted with a double layer of 
titanium and nickel showed the best wear properties. There were signifi- 
cant differences among all of the combinations examined, however, which 
indicate that several factors play an important role in the wear process. 
These include: 

0 the transfer of material between members of a wear 
couple 

0 the formation of a possibly lubricating oxide layer 

0 the choice of pin material 

0 in the case of the surface treatment of ceramic wear 
parts such as with Ion implantation, the adhesion 
properties of the surface layer. 
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